AC. Hyperbilirubinemia modulates myocardial function, aortic ejection, and ischemic stress resistance in the Gunn rat. Am J Physiol Heart Circ Physiol 307: H1142-H1149, 2014. First published August 15, 2014; doi:10.1152/ajpheart.00001.2014.-Mildly elevated circulating unconjugated bilirubin (UCB) is associated with protection against hypertension and ischemic heart disease. We assessed whether endogenously elevated bilirubin in Gunn rats modifies cardiovascular function and resistance to ischemic insult. Hearts were assessed ex vivo (Langendorff perfusion) and in vivo (Millar catheterization and echocardiography), and left ventricular myocardial gene expression was measured via quantitative real-time PCR. Ex vivo analysis revealed reduced intrinsic contractility in the Gunn myocardium (ϩdP/dt: 1,976 Ϯ 622 vs. 2,907 Ϯ 334 mmHg/s, P Ͻ 0.01; ϪdP/dt: Ϫ1,435 Ϯ 372 vs. Ϫ2,234 Ϯ 478 mmHg/s, P Ͻ 0.01), which correlated positively with myocardial UCB concentration (P Ͻ 0.05). In vivo analyses showed no changes in left ventricular contractile parameters and ejection (fractional shortening and ejection fraction). However, Gunn rats exhibited reductions in the rate of aortic pressure development (3,008 Ϯ 461 vs. 4,452 Ϯ 644 mmHg/s, P Ͻ 0.02), mean aortic velocity (439 Ϯ 64 vs. 644 Ϯ 62 mm/s, P Ͻ 0.01), and aortic volume time integral pressure gradient (2.32 Ϯ 0.65 vs. 5.72 Ϯ 0.74 mmHg, P Ͻ 0.01), in association with significant aortic dilatation (12-24% increase in aortic diameter, P Ͻ 0.05). Ex vivo Gunn hearts exhibited improved ventricular function after 35 min of ischemia and 90 min of reperfusion (63 Ϯ 14 vs. 35 Ϯ 12%, P Ͻ 0.01). These effects were accompanied by increased glutathione peroxidase and reduced superoxide dismutase and phospholamban gene expression in Gunn rat myocardium (P Ͻ 0.05). These data collectively indicate that hyperbilirubinemia in Gunn rats
HUMAN GILBERT'S SYNDROME (GS) is a condition prevalent in 3-5% (30) of the general Caucasian population and is characterized by mildly elevated circulating unconjugated bilirubin (UCB) concentrations (7) due to hepatic uridine glucuronosyl transferase 1A1 (UGT1A1) deficiency. Vitek et al. (34) reported that patients with GS are protected from ischemic heart disease (IHD), with a 2% incidence of IHD versus 12% in the general population. Reduced IHD incidence may be related to improved antioxidant status and a hypolipidemic state in GS (5, 9) , limiting the development of atherosclerosis (34) and potentially influencing the resistance of the myocardium to ischemia-reperfusion (I/R). Bulmer et al. (7) revealed that GS plasma is less susceptible to copper-induced lipid oxidation, providing the first mechanistic insights into the decreased risk of atherosclerosis development in this cohort. The antioxidant effects of bilirubin may also improve vascular compliance via the prevention of vascular smooth muscle proliferation (24) , increased nitric oxide (NO) production (19) , and/or inhibition of NADPH activity/oxidative stress (29, 33) . However, despite current evidence indicating an "antiatherogenic" role for bilirubin, the discrete effects of endogenous bilirubin on cardiac function and ischemic tolerance have not been reported.
The effects of exogenous bilirubin on I/R injury have been investigated in organs including the gut (10), kidney (1), liver (39) , and brain (17) and generally support the beneficial and antioxidant actions of bilirubin. Two reports have assessed the effects of exogenous bilirubin on myocardial I/R injury (3, 12) . However, the physiological applicability of these findings is questionable due to the low bilirubin concentrations studied (0.05-0.10 M) (12) and the absence of reported UCB concentrations after administration (3) . The present investigation is the first to test whether elevations in endogenous bilirubin (1-50 M), as seen in individuals with low versus mildly elevated UCB (human GS), modify myocardial structure/function, blood ejection velocities, and cardiac stress resistance. We adopted a mechanistic approach using the hyperbilirubinemic Gunn rat (spontaneous UGT1A1 mutant model), hypothesizing that elevated cardiac bilirubin content may beneficially modify cardiac functional parameters and intrinsic resistance to ischemic insult by inducing shifts in ventricular gene expression. Table 1 shows the calculations used to attain parameters measured in the present study.
MATERIALS AND METHODS
The Griffith University Animal Ethics Committee (MSC/04/09) approved the conduct of experiments before their commencement. Two breeding pairs of heterozygote Gunn rats were obtained from the Rat Resource and Research Center (University of Missouri, Columbia, MO). Animals were bred to form either homozygote Gunn (jaundiced) or heterozygote/wild-type (nonjaundiced) offspring. All animals possessing normal bilirubin concentrations were pooled and termed "wild-type rats," whereas those expressing hyperbilirubinemia were phenotypically defined as "Gunn rats." All animals were provided with standard laboratory rodent food pellets (Speciality Feeds, Glen Forrest, WA, Australia) and fresh water daily. All experiments were undertaken in 12-to 13-mo-old female rats (owing to offspring sex distribution from breeding pairs). Eight Gunn rats and eight age-matched wild-type rats were assessed for baseline cardiovascular function in vivo using echocardiography before ex vivo analysis of cardiac function and intrinsic resistance to I/R using the isolated Langendorff heart model (see below). Another group of six female Gunn rats and age-matched wild-type littermates were assessed for cardiovascular function via Millar catheterization and left ventricular (LV) gene expression (see below).
Echocardiography. Echocardiographic analysis was undertaken using a Vevo 770 high-resolution in vivo imaging system and RMV710B scan head for small rodents (VisualSonics, Toronto, ON, Canada). A total of four cardiac views were obtained per animal: parasternal long-axis, parasternal short-axis, four-chamber apical, and suprasternal views (focused on the aorta). For each analysis, rats were anesthetized with ϳ2% isoflurane administered in 2 l/min O 2. During anesthesia, rats were placed on a heating pad (37.5°C) with rectal temperature measured continuously and electrocardiograms/heart rate (HR) monitored using a surface electrocardiogram to maintain animals within normal temperature and HR ranges. Body weight was recorded before each assessment and used in the calculation of cardiac structural and functional parameters, as indicated in the RESULTS.
Langendorff-perfused heart model. One week after echocardiographic analysis hearts, were removed for Langendorff perfusion. Animals were injected with pentobarbitone sodium (60 mg/ml, 1 l/g) with an additional 50 l injected where necessary to eliminate pain reflexes. Hearts were then excised and arrested in cold KrebsHenseleit solution, and the aorta was cannulated on the Langendorff apparatus within 90 s. Hearts were then perfused at a mean pressure of 74.3 mmHg with Krebs-Henseleit buffer containing (in mM) 118 NaCl, 25 NaHCO 3, 4.7 KCl, 1.75 CaCl2, 1.2 MgSO4, 11 D-glucose, and 0.5 EDTA. The buffer was heated to 37°C and gassed with 95% O2 and 5% CO2, to give a pH of 7.4. A small fluid-filled balloon, connected to a pressure transducer (PowerLab, AD Instruments, Castle Hill, NSW, Australia), was introduced into the LV, and pressure was recorded using LabChart software (AD Instruments). Hearts were then enclosed in a water-jacketed chamber to maintain external temperature. Each heart underwent 30 min of baseline functional assessment, which was followed by 35 min of global ischemia and 90 min of aerobic reperfusion. During the ischemic period, hearts were immersed in warmed Krebs-Henseleit buffer to maintain temperature at 37°C. At the onset of reperfusion, the chamber was drained. All animals were investigated within a 3-day period to reduce potential variability caused by the estrous cycle.
Cardiac function was continuously recorded throughout experiments and is reported after 15 and 30 min of normoxic (preischemic) perfusion and 10, 30, 60, and 90 min of reperfusion. The time to the onset of contracture, defined as the time for diastolic pressure to rise by 4 mmHg, and the peak contracture pressure achieved during ischemia were measured. The functional variables assessed included HR, coronary flow, LV diastolic pressure, LV systolic pressure, LV developed pressure, and rates of pressure change during contraction (ϩdP/dt) and relaxation (ϪdP/dt). The rate-pressure product was calculated as the product of LV developed pressure and HR.
Millar catheterization. Each animal was anesthetized using pentobarbitone sodium (60 mg/ml, 1 l/g). After loss of pain reflexes, animals were placed on a heating pad, intubated, and ventilated (Harvard Apparatus) at 10 ml/kg (80 breaths/min). A small incision was made lateral to the trachea for the isolation of the carotid artery via blunt dissection. The superior section of the carotid artery was ligated with silk suture (Ethicon). The inferior section was clamped, and an 18-gauge needle was inserted into the isolated artery. The Millar catheter (Millar Instruments) was then inserted inferiorly. A ligature was tied around both the carotid artery and catheter line to prevent bleeding on clamp removal. The Millar catheter was fed inferiorly from the carotid artery into the ascending aorta and then into the LV. Once in the ventricle, the animal was positioned onto its left side, and data were collected for a period of 10 min using LabChart software. The catheter was then removed from the LV and placed in the aorta to record aortic pressures for a further 10 min. A minimum of 10 sequential beats at the end of each data collection period were used for analyses.
Biochemical analyses. Approximately 5 ml whole blood was collected immediately after removal of hearts. All samples were centrifuged (22,000 g, 5 min), and serum aliquots were transferred into Eppendorf tubes and frozen at Ϫ80°C. Serum UCB was assessed, which involved the addition of 160 l HPLC mobile phase (0.1 M n-dioctylamine acetate in 95:5 methanol-H 2O) to 40 l serum, which precipitated serum proteins and extracted bilirubin from the sample (8) . This solution was vortexed for 20 s and then centrifuged at 22,000 g for 5 min. The supernatant (150 l) was transferred into HPLC vials, and 50 l were injected onto the HPLC column. The column (Phenomenex Australia, reverse phase, C18, 150 ϫ 4.5 mm) was perfused isocratically (Separations module 2960, Waters) using the same mobile phase indicated above at 0.7 ml/min. Standard curves (0.5-100 M) were generated using commercially available UCB (Frontier Scientific). Bilirubin concentrations of all serum samples were expressed relative to the area under the curve integrated at 450 nm (photodiode array, Waters).
For the analysis of cell damage in ischemia experiments, the coronary effluent was collected from hearts at baseline (immediately before ischemia) and at 5 and 15 min of reperfusion, with samples immediately frozen at Ϫ80°C. These samples were assayed for lactate dehydrogenase (LDH) content, a measure of cellular damage, via a Cobas Integra 400 chemical analyzer (Roche Diagnostics).
Atrial bilirubin content. The left atrium was collected from each Langendorff-perfused heart during baseline equilibration to determine myocardial bilirubin concentration in nonischemic cardiac tissue. The left atrium was blotted dry and frozen at Ϫ80°C. The atria were broken down using Cell Lytic solution (Sigma-Aldrich, Castle Hill, NSW, Australia) using scalpel blades and needle homogenization (18 -25 gauge) and centrifuged (22,000 g, 5 min). The supernatant (40 l) was used to assess tissue UCB content using HPLC, as previously described. Estimation of the extraction efficiency for UCB in myocardial protein lysates was determined in triplicate samples by the LV, left ventricular; LVIDd, LV internal dimensional at diastole; LVIDs, LV internal dimension at systole; LVPWd, LV posterior wall thickness at diastole; IVS, interventricular septal thickness; LVOT, LV outflow tract; HR, heart rate; LCSA, lumen cross-sectional area.
addition of exogenous UCB to protein lysates from Wistar rats [final concentration: 0.1 M in 0.1% (vol/vol) DMSO] and extracting/ analyzing bilirubin as for blood analysis. The extraction efficiency was ϳ70 Ϯ 19% (mean Ϯ SD). Bilirubin content was expressed relative to protein content as determined using a BCA protein kit (Pierce, Thermo Scientific).
Gene expression analysis via quantitative real-time PCR. Transcript levels for antioxidant enzymes and determinants of Ca 2ϩ handling and contraction were assessed. RNA extraction, cDNA synthesis, and two-step quantitative real-time PCR was performed as previously described (2) in LV myocardial samples from Gunn and control hearts. Hearts were excised, and LVs were removed, placed in RNAlater solution (Qiagen, Melbourne, VIC, Australia), and frozen at Ϫ80°C. Differential expression of the following eight transcripts were assessed: catalase (Cat), glutathione peroxidase 1 (Gpx1), superoxide dismutase (Sod)1, Sod2, phospholamban (Pln), ryanodine receptor 2 (Ryr2), sarco(endo)plasmic reticulum Ca 2ϩ -ATPase (SERCA)1 (Atp2a1), and SERCA2 (Atp2a2; see Table 2 for primer details). Peptidylprolyl isomerase A and phosphoglycerate kinase 1 were evaluated among several potential reference genes and validated as the most stably expressed genes (stability M value: 0.26) in all analyzed samples. Quantitative PCR data were normalized to these two reference genes and expressed relative to wild-type controls.
Statistical analysis. All data are presented as means Ϯ SD and were assessed for normal distribution followed by appropriate parametric (unpaired t-test) or nonparametric (Mann-Whitney U-test) statistical testing using Sigmaplot (version 11.0, Systat). For group comparisons (Gunn rats vs. wild-type control rats), unpaired t-tests were used to assess potential differences. Bivariate comparisons were tested using Pearson's correlation. Significance was set at P Ͻ 0.05.
RESULTS
To assess whether UCB might modify intrinsic contractile function, normoxic function was assessed in Langendorffperfused cardiac tissue (Table 3) . Ex vivo LV systolic and developed pressures were significantly reduced in Gunn hearts (P Ͻ 0.05). In addition, Gunn hearts exhibited significant reductions (ϳ35%) in LV ϩdP/dt and ϪdP/dt (P Ͻ 0.01; Table 3 ). Measures of baseline ex vivo contractile function correlated significantly with myocardial tissue UCB content (P Ͻ 0.05; Fig. 1, A and B) .
Circulating UCB was significantly increased and body weight was reduced in Gunn versus wild-type rats (Table 4) . Structural cardiac parameters were not different between groups, with the exception of LV anterior wall thickness during systole (3.0 Ϯ 0.5 vs. 2.2 Ϯ 0.2 mm in Gunn hearts, P Ͻ 0.05). In vivo echocardiographic analyses revealed no alterations in LV contractile function in Gunn rats (Table 4) , in contrast to the depressed mechanical function in the isolated myocardium (Table 3) . Specifically, measures of cardiac output, fractional shortening, ejection fraction, and stroke volume remained unaltered, whereas the aortic velocity time integral (AoVTI) was reduced together with a marked (35-40%) reduction in peak and mean aortic blood velocities (Table 4) . Furthermore, a significant ϳ60% reduction in the aortic pressure gradient existed in Gunn animals (Table 4) , which was negatively correlated with circulating bilirubin concentration (P Ͻ 0.05; Fig. 1C ). Stroke volume was maintained, with a significantly increased systolic duration (ϳ20-ms increase in AoVTI duration, P Ͻ 0.05) in Gunn hearts (Table 4 ). In addition, Gunn rats possessed a dilated LV outflow tract (ϳ24% increase in diameter during diastole and 12% during systole), whereas aortic distensibility itself did not differ between groups (Fig. 2) . Millar catheter analysis showed that ventricular pressure development and systolic and diastolic aortic pressures did not differ between Gunn and wild-type rats. However, a ϳ30% reduction in the rate of aortic pressure development (ϩdP/dt) was detected in Gunn animals ( Table 4) .
The myocardial response to ex vivo ischemic insult itself differed across groups, with significantly delayed and reduced contracture development in Gunn versus control hearts (Fig.  3A) . Postischemic LDH efflux over the initial 5 min of reperfusion also tended to be reduced in Gunn hearts, although this failed to achieve significance (P ϭ 0.21; Fig. 3A ). LV developed pressure differed between groups at baseline (Table 3) , and recovery of function was thus normalized to baseline function. Percent recoveries for LV developed pressure, the rate-pressure product, ϩdP/dt, and ϪdP/dt were all significantly improved in Gunn hearts (Fig. 3B) . Gene expression was analyzed in the left ventricular myocardium (Fig. 4) . Of the genes transcribing antioxidant enzymes (Cat, Gpx1, Sod1, and Sod2), Sod1 was significantly reduced, whereas Gpx1 expression was significantly increased (P Ͻ 0.05). Of the genes regulating Ca 2ϩ dynamics and contractility (Pln, Ryr2, Atp2a1, and Atp2a2), Pln was significantly downregulated (P Ͻ 0.05). Data are means Ϯ SD; n, number of rats/group. In vivo measures were obtained in Gunn and wild-type rats under normoxic conditions. P values are shown for measures in Gunn versus control hearts. AoVTI gradient, peak pressure gradient of blood entering the aorta (from AoVTI); AoVTI duration, duration of aortic ejection (from AoVTI); MV E, peak mitral valve (MV) early filling; MV A, peak MV active filling; MV E/A, MV early-to-active filling ratio.
DISCUSSION
This study investigated the effects of congenitally elevated UCB, in mutant UGT1A1 Gunn rats, on myocardial function, gene expression, and intrinsic resistance to I/R. Ex vivo analysis revealed a significant depression of LV dP/dt in hyperbilirubinemic hearts, supporting a hypocontractility that correlates with myocardial UCB content (Fig. 1) . In contrast, in vivo Millar catheterization revealed no significant change in ventricular pressure development, indicating effective compensation for this cardiac hypocontractility in vivo. Echocardiography identified reductions in the velocity of aortic ejection (and the AoVTI pressure gradient) in Gunn animals with otherwise preserved ventricular function, consistent with reduced aortic ϩdP/dt measured via Millar catheter analysis. These changes likely arise due to significant aortic dilatation detected in Gunn animals, which may beneficially modify LV afterload. Gunn hearts also demonstrated improved tolerance to I/R ex vivo together with shifts in the LV expression of genes for antioxidant enzymes and Pln. These data provide mechanistic insights into the regulatory effects of elevated bilirubin within the heart. The basis of these cardiac and vascular alterations as well as their relevance to cardiovascular disease susceptibility in humans remain to be delineated.
Ex vivo ventricular function. Ex vivo perfused myocardium from Gunn rats exhibited intrinsically reduced rates of contraction and relaxation (Table 3) . These changes, which correlated with myocardial tissue UCB content, indicate that elevated bilirubin directly influences cardiac contractility. Elevations in myocardial UCB concentrations are consistent with evidence of cardiac and extravascular accumulation of bilirubin (40) . The mechanistic basis of this negative inotropy is unclear, although bilirubin may influence Ca 2ϩ levels and the expression of related proteins. The Ca 2ϩ -binding properties of bilirubin itself (11) provide extra-and intracellular Ca 2ϩ sinks, while the reduced expression of parvalbumin reported in Gunn rats (albeit for neuronal tissue) (28) could limit contractility if arising in the myocardium. On the other hand, bilirubin can increase smooth muscle permeability to Ca 2ϩ (32) . Antioxidant actions of bilirubin might also modify redox-dependent control of contraction (31), whereas Malik et al. (17) have shown that bilirubin negatively influences mitochondrial energy production, thus potentially energy-dependent contraction. It is noteworthy that acute obstructive jaundice in humans also significantly inhibits myocardial inotropic responses (16) .
In terms of molecular determinants of contraction, transcripts for proteins influencing Ca 2ϩ handling and contraction were not substantially modified in Gunn hearts except for repression of Pln. Dephosphorylated Pln inhibits SERCA activity and contractility, an effect reversed by phosphorylation (via ␤-adrenergic stimulation). Thus, repression of Pln cannot mediate depressed contractility in the Gunn myocardium, although it may well reflect an important molecular adaptation. Compensatory mechanisms that effectively counter cardiac hypocontractility in vivo (revealed in well-maintained contraction in vivo vs. depression ex vivo) likely include autonomic stimulation and chronic ␤-adrenergic activity, which can depress cardiac Pln (27) . As has been theorized, repression (and phosphorylation) of Pln may reflect an adaptation that attempts to maintain contractile function via enhanced sarcoplasmic reticulum Ca 2ϩ uptake/loading, albeit at the expense of normal regulatory control of sarcoplasmic reticulum Ca 2ϩ (27) . Myocardial stress resistance. Very few studies have assessed the impact of UCB on myocardial I/R injury (3, 12). Clark et al. (12) tested the effect of nonphysiological bilirubin levels (0.1 M in perfusion fluid) on function in ex vivo mounted hearts exposed to I/R and demonstrated a reduced infarct size and modest improvements in postischemic ventricular function after 60 min of reperfusion. These data largely agree with those presented here for ischemic outcomes (i.e., improvements in pressure development, the rate-pressure prod- uct, and contracture). A recent study (3) in a small cohort has reported that intraperitoneal administration of UCB to rats 1 h before coronary artery ligation and reperfusion reduces infarct size and improves ischemic but not postischemic ventricular function. These data for bilirubin treatment generally support our findings for endogenous bilirubin, although circulating and myocardial bilirubin levels were not assessed (3), and we reported improved postischemic function. Our data indicate that Gunn rats exhibiting extracellular UCB levels similar to those in GS (7) and perfused in the absence of circulating bilirubin are resistant to I/R, implicating effects of tissue versus circulating bilirubin on intrinsic determinants of stress resistance. Both ischemic contracture development and postischemic contractile dysfunction were improved (Fig. 3) . Cellular disruption/death in Gunn hearts also tended to be reduced, with a ϳ40% (although insignificant) reduction in LDH release versus wild-type hearts (Fig. 3A) . How moderate chronic hyperbilirubinemia modifies the capacity of myocardial tissue to withstand I/R is unclear, although reductions in contracture development and diastolic dysfunction (Fig. 3A) point to alterations in Ca 2ϩ homeostasis and energy state (26) , consistent with influences of bilirubin on Ca 2ϩ levels/regulatory proteins (11) and mitochondrial respiration (17) . Antioxidant actions of bilirubin are likely to confer benefit in I/R, whereas elevated NO levels with hyperbilirubinemia may additionally contribute (33) . Ben-Amotz et al. (3) speculated that antioxidant effects of bilirubin inhibit the peroxidase activity of cytochrome c, oxidation of lipids such as cardiolipin, and thereby apoptosis.
We assessed gene expression for antioxidant enzyme expression because bilirubin activates nuclear factor-like 2 (NRF2) and induces antioxidant response element activation (25) . Sod, Cat, and Gpx all possess NRF2 promoter sequences. Expression of Gpx1 was elevated in naive Gunn hearts, providing a potential mechanism whereby bilirubin could protect from oxidative damage in I/R (e.g., by neutralizing hydrogen/lipid peroxides). These data are intriguing in light of increased free thiol and glutathione levels in hyperbilirubinemic humans (5) , which may be driven in a NRF2-dependent manner (13) . The divergent effects on Gpx1 versus Sod1 (Cu-Zn SOD) highlight the complexity of antioxidant regulation (18) . Decreased Sod1 expression could reflect reduced H 2 O 2 formation (which normally induces Sod) via induction of Gpx1. Increased Gpx1 and the resultant repression of Sod1 may reflect a strategy to limit H 2 O 2 bioavailability (38), with increased bilirubin additionally neutralizing superoxide radical cation directly (21) . Such a theory would support a hypothesis that bilirubin prevents lipid peroxidation during cardiac reperfusion injury (3), which could result from direct radical scavenging via bilirubin and induction of antioxidant enzymes such as Gpx1.
In vivo ventricular and aortic functional parameters in gunn rats. Despite significantly reduced intrinsic contractility in isolated cardiac tissue, in vivo ventricular function (assessed via echocardiography and Millar catheterization) was comparable in Gunn and control animals ( Table 4 ). As noted above, the absence of contractile differences in situ indicates adequate neurohumoral (e.g., autonomic) compensation for depressed cardiac contractility. On the other hand, aortic ejection dynamics (velocities and the AoVTI pressure gradient) and rate of aortic pressure development were all significantly reduced in Gunn animals (Table 4) . Prior work has indicated no difference in systolic arterial pressures in male Gunn rats (20) , consistent with the similar aortic pressures documented here. Therefore, increased afterload cannot explain the altered velocity of aortic ejection in Gunn animals (Table 4 ). Both the rate of aortic pressure development and duration of ejection (AoVTI duration) were increased in Gunn rats (Table 4) , a prolongation of ejection that may maintain stroke volume and cardiac output in the face of reduced ejection velocities. Reductions in aortic velocities and the AoVTI pressure gradient in the absence of differences in ventricular contraction indicate a systemic effect of bilirubin within the arterial circulation. The measurement of aortic diameter confirmed a dilated LV outflow tract (Table 4) without changes in arterial compliance or distensibility (Fig.  2) . A dilated arterial tree is consistent with evidence of elevated NO levels in hyperbilirubinemic animals (33), which may not only reduce vascular tone but influence aortic structure/remodeling. This structural change may also reflect inhibitory effects of bilirubin on vascular smooth muscle proliferation (23) .
Aortic dilatation could reduce afterloading and ejection dynamics. The aortic dilatation reported here is also consistent with reductions in intima-media thickness in the thoracic aorta/ Fig. 4 . Gene expression in the LV. The expression of genes regulating cardiac contractility and antioxidant enzyme expression in LVs from naive Gunn (n ϭ 6) and wild-type (n ϭ 6) rats is shown. ATP2A1, sarco(endo-)plasmic reticulum Ca 2ϩ -ATPase (SERCA)1; ATP2A2, SERCA2; SOD, superoxide dismutase; CAT, catalase; RYR2, ryanodine receptor 2; GPX1, glutathione peroxidase 1; PLN, phospholamban. *P Ͻ 0.05 vs. control rats.
carotid arteries of individuals with elevated bilirubin (15, 35) . Such changes, increasing unstressed luminal volume and altering outflow tract dynamics, could limit the development of hypertension and negative impacts of afterload in vivo. To the best of our knowledge, this is the first report of aortic dilatation in the Gunn rat. The basis and impact(s) of this vascular change require further investigation.
An important limitation of this study concerns the difference in UCB concentrations in Gunn rats (and their littermate controls) versus concentrations in human GS and healthy control subjects. Bilirubin levels in GS exist in a spectrum, rising to as much as 80 -100 M (4, 5, 34, 37). Mean concentrations approximate 35 M in GS (5, 34, 37), 10 M in healthy control subjects (5, 34, 37) , and Ͻ10 M in individuals at risk of IHD (22) . Concentrations of UCB are moderately higher in Gunn rats versus human GS patients and also vary (50 -110 M) depending on the source, sex, and age of the animals (4, 9, 37). While there is considerable overlap in bilirubin levels between GS individuals and Gunn rats, it might be argued the Gunn rat does not specifically replicate the condition of GS. The moderately higher levels are explained by the differing etiology of unconjugated hyperbilirubinemia in these settings, with Gunn rats completely lacking UGT1A1 activity due to a frame shift mutation (14) , whereas a gene promoter polymorphism in the UGT1A1 gene reduces UGT1A1 and thus activity by ϳ70% in GS (6) .
We also acknowledge that UCB concentrations in control rats (1-2 M) are below those normally seen in healthy, non-GS individuals (ϳ10 M) (36), more closely approximating circulating biliruibin concentrations in persons at risk of IHD (22) . Thus, outcomes in Gunn versus control rats might reflect effects of elevated bilirubin on the cardiovascular phenotype within a "sensitized" baseline or comparator group (i.e., individuals at increased risk of disease).
Conclusions. This initial characterization of the cardiac phenotype in hyperbilirubinemic Gunn rats revealed significantly reduced myocardial contractility ex vivo (associated with potentially compensatory repression of Pln), an inhibitory effect that is effectively compensated for in vivo. Aortic ejection velocities and the pressure gradient are reduced in vivo (with a compensatory increase in ejection duration), likely as a result of significant aortic dilatation. These vascular changes may beneficially influence afterloading, cardiac function, and remodeling processes. Preliminary evidence also supports a stress-resistant phenotype in middle-aged Gunn hearts, associated with increased expression of Gpx1. These changes may be relevant to protection against IHD apparent in GS (34) . Further work is warranted to elucidate the molecular mechanisms underlying bilirubin's effects on stress resistance, contraction, vascular ejection mechanics, and determinants of afterload. Such information not only advances our understanding of the basis of protection from cardiovascular disease in GS but assists in developing novel means of manipulating myocardial function and I/R resistance (8) .
